Introduction {#sec1-2045894019895451}
============

Pulmonary arterial hypertension (PAH) is a progressive, fatal disease of the pulmonary vasculature.^[@bibr1-2045894019895451],[@bibr2-2045894019895451]^ While the cornerstone of PAH treatment involves targeted vasodilator therapy, thrombotic pulmonary vascular lesions are frequently observed post-mortem, and anticoagulation (AC) with vitamin K antagonists (VKA) may be beneficial in some forms of PAH.^[@bibr1-2045894019895451],[@bibr3-2045894019895451][@bibr4-2045894019895451][@bibr5-2045894019895451]--[@bibr6-2045894019895451]^ The two largest studies to date investigating this question, the Comparative, Prospective Registry of Newly Initiated Therapies for Pulmonary Hypertension (COMPERA) and the Registry to Evaluate Early and Long-Term PAH Disease Management (REVEAL), reached conflicting conclusions regarding the benefit to patients with idiopathic PAH (IPAH) and the harms to patients with connective tissue disease-associated PAH (CTD-PAH) patients.^[@bibr3-2045894019895451],[@bibr4-2045894019895451]^ Consequently, the most recent PAH guidelines suggested that AC therapy may be considered in PAH patients with PAH receiving central catheter-based prostacyclin therapy, and should not be offered to most CTD-PAH patients.^[@bibr1-2045894019895451],[@bibr7-2045894019895451]^ No recommendation was given regarding AC in women receiving estrogen-containing oral contraceptives (OCP), who may be at increased risk of venous thromboembolism.^[@bibr8-2045894019895451],[@bibr9-2045894019895451]^ As a result of this uncertainty, expert opinion has been divided on the benefits of systemic AC therapy in PAH patients who do not have another defined indication for systemic AC therapy, and recent registry data indicate that the minority (∼40%) of IPAH patients receive systemic AC therapy as part of their treatment.^[@bibr10-2045894019895451][@bibr11-2045894019895451][@bibr12-2045894019895451][@bibr13-2045894019895451]--[@bibr14-2045894019895451]^ Additionally, although it has been increasingly recognized that shared decision-making incorporating patient values and preferences are important considerations when devising therapeutic strategies in PAH, current PAH guidelines regarding AC to affect pulmonary vascular disease progression focus only on mortality benefits, and the impact of systemic AC on PAH patient quality of life is not well defined.^[@bibr15-2045894019895451][@bibr16-2045894019895451]--[@bibr17-2045894019895451]^ Thus, we explored these issues by developing a decision analytic model to help clarify the potential benefit or risk, and determine the net clinical benefit in quality-adjusted life years (QALY's), of AC with VKA's in IPAH and CTD-PAH across a number of commonly encountered clinical scenarios.

Methods {#sec2-2045894019895451}
=======

We used registry data to estimate mortality in IPAH patients, mortality estimates are in close agreement, with a one-year mortality of 18% and a three-year mortality of approximately 26%. Mortality estimates in CTD-PAH patients vary widely, and we estimated the three-year mortality in CTD-PAH patients to be approximately 30--48%.^[@bibr3-2045894019895451],[@bibr4-2045894019895451],[@bibr7-2045894019895451],[@bibr18-2045894019895451][@bibr19-2045894019895451][@bibr20-2045894019895451][@bibr21-2045894019895451][@bibr22-2045894019895451][@bibr23-2045894019895451]--[@bibr24-2045894019895451]^ Given this wide range in mortality rates for CTD-PAH patients, we performed sensitivity analyses in our model using both the lower bounds (30%) and the upper bounds (48%) of the three-year mortality estimates obtained from the literature. The base cases in our model reflected the median age (50 years old) of patients in these registries at the time of diagnosis. Mortality estimates in the literature account for all-cause mortality and do not explicitly describe deaths secondary to PAH alone. Thus, we calculated disease-specific excess mortality rates for PAH, by adjusting all-cause mortality for age and gender using life tables from the Centers for Disease Control and Prevention. We based these adjustments on population-based mortality rates for Caucasians, because the majority of patients described in published PAH studies are of Caucasian descent.

We used the COMPERA and REVEAL studies that provided estimates for the hazard ratio (HR) with VKA AC therapy in IPAH and CTD-PAH patients.^[@bibr3-2045894019895451],[@bibr4-2045894019895451]^ We also incorporated gender differences for mortality rates in our model, as it is well documented that males with PAH have a higher mortality rate than females. We estimated, based on the REVEAL risk calculator, that males had an increased relative risk of mortality of 1.6 as compared to females.^[@bibr25-2045894019895451],[@bibr26-2045894019895451]^

The rate of central catheter-associated deep vein thrombosis (DVT) is estimated at approximately 1% per year.^[@bibr27-2045894019895451],[@bibr28-2045894019895451]^ PE occurs in roughly 37.8% of those with DVT.^[@bibr28-2045894019895451][@bibr29-2045894019895451][@bibr30-2045894019895451]--[@bibr31-2045894019895451]^ We assumed, for the purposes of this model, that DVT rates from central catheters were independent and additive with DVT rates from other sources. We also assumed that DVT rates in PAH patients without central catheters were no different than those in similar patients without PAH. Given the significant hemodynamic impairment of the pulmonary circulation and right ventricular function in these patients, we assumed all pulmonary emboli in PAH patients to be intermediate risk events resulting in hemodynamic instability, with an associated mortality of 19%.^[@bibr32-2045894019895451]^ We included in our model the increased risk of DVT from OCP medications, as the majority of PAH patients are female and the vast majority (specifically those treated with endothelin receptor antagonist medication and prostacyclin therapy) are on OCP's.^[@bibr7-2045894019895451],[@bibr33-2045894019895451],[@bibr34-2045894019895451]^ Based on large meta analyses, we estimated the baseline non-catheter DVT risk to be roughly 1--2 per 1000 people per year, with an increased relative risk in men of 2 and an increased relative risk in women taking OCP's of 3.5.^[@bibr35-2045894019895451][@bibr36-2045894019895451][@bibr37-2045894019895451]--[@bibr38-2045894019895451]^ The baseline rate of DVT for patients not receiving systemic AC with VKA therapy was based on baseline DVT risk by gender, use of OCP's in women, and presence of central catheter ([Table 1](#table1-2045894019895451){ref-type="table"}). Table 1.Base case values for rates, probabilities, and quality of life.ParametersBase case valuesClinical range or 95% CIDistributionAnnual mortality rate IPAH0.09850.0970--0.0985Log NormalAnnual mortality rate CTD-PAH patients (low)0.110.10--0.12Log NormalAnnual mortality rate CTD-PAH patients (high)0.2050.195--0.220Log NormalHazard ratio of AC on IPAH mortality0.790.66--0.94Log NormalHazard ratio of AC on CTD-PAH mortality2.031.09--3.79Log NormalHazard ratio of male gender on PAH mortality1.61.47--2.93Log NormalHazard ratio of AC in preventing DVT0.370.26--0.52Log NormalAnnual rate of DVT in males no Cath no AC0.0020.001--0.004Log NormalAnnual rate of DVT in males Cath no AC0.0120.002--0.022Log NormalAnnual rate of DVT females no OCP/Cath no AC0.0010.0005--0.002Log NormalAnnual rate of DVT females OCP Cath No AC0.0110.005--0.015Log NormalProbability of DVT converting to PE0.3780.355--0.401BetaProbability of death from PE0.190.178--0.198BetaAnnual rate of bleeding on AC0.02530.02--0.03Log NormalProbability of death from bleeding event on AC0.10.05--0.15LogitAnnual rate of atrial fibrillation0.040.027--0.05Log NormalHazard ratio of AC in prevention stroke from atrial fibrillation in females0.260.23--0.3Log NormalHazard ratio of AC in prevention stroke from atrial fibrillation in males0.490.42--0.58Log NormalAnnual rate of stroke in females no AC with atrial fibrillation0.0220.021--0.023BetaAnnual rate of stroke in males no AC with atrial fibrillation0.0140.012--0.015BetaProbability of death from ischemic stroke0.20.16--0.23LogitWell (without cardiopulmonary disease)1N/AN/AReceiving anticoagulation0.990.9--1.0LogitFollowing major bleeding event0.90.8--1.0LogitFollowing DVT0.90.8--1.0LogitAtrial fibrillation0.90.8--1.0LogitPE or stroke (after first month)0.70.5--0.9LogitIPAH or CTD-PAH0.620.43--0.82LogitIPAH or CTD-PAH with Cath0.520.43--0.82LogitFirst month following PE or stroke0.110.05--0.15LogitDeath0N/AN/A[^1]

Although the efficacy of AC in PAH patients in preventing DVT's is not well defined, we estimated that it was at least as good as that observed in other groups of patients, with a relative risk of DVT while on AC of at least 0.37.^[@bibr30-2045894019895451],[@bibr31-2045894019895451],[@bibr39-2045894019895451]^ We made the simplifying assumption that systemic AC protected equally from both central catheter-related DVT as well as DVT from other causes, and was equally protective across gender and etiology of PAH (CTD-PAH versus IPAH), and the rates of DVT across gender, use of OCP's in women, and presence of central catheters were based on this modeled effectiveness of VKA therapy in these populations ([Table 1](#table1-2045894019895451){ref-type="table"}).

We estimated that PAH patients, who by definition do not have significant additional cardiopulmonary comorbidities and are typically middle-aged at diagnosis, would have the same incidence of atrial fibrillation as the general population in this age group, roughly 4% annually. Additionally, we estimated that the rates of untreated atrial fibrillation-related stroke would approximate a heart failure population with the lowest CHA~2~DS~2~VASc scores. We estimated women with PAH would have a CHA~2~DS~2~VASc score of two, corresponding to an annual stroke rate of 2.2%, and men would have a score of one and an annual stroke rate of 1.3%.^[@bibr7-2045894019895451],[@bibr38-2045894019895451][@bibr39-2045894019895451][@bibr40-2045894019895451][@bibr41-2045894019895451][@bibr42-2045894019895451][@bibr43-2045894019895451][@bibr44-2045894019895451][@bibr45-2045894019895451][@bibr46-2045894019895451]--[@bibr47-2045894019895451]^ The effectiveness of AC on the prevention of stroke was also based on the CHA~2~DS~2~VASc scores, with a HR of 0.26 for stroke in women and 0.49 for stroke in men^[@bibr44-2045894019895451][@bibr45-2045894019895451][@bibr46-2045894019895451]--[@bibr47-2045894019895451]^ ([Table 1](#table1-2045894019895451){ref-type="table"}).

Bleeding was assumed to be similar across all indications for VKA therapy, including atrial fibrillation, previous stroke, PAH, or DVT and pulmonary embolism (PE) therapy. Bleeding rates were estimated from systematic reviews of AC studies utilizing VKA therapy, at approximately 2--3 per 100 patient years.^[@bibr48-2045894019895451][@bibr49-2045894019895451]--[@bibr50-2045894019895451]^ Only major life-threatening bleeding was considered, with an associated mortality rate of 10%. We assumed patients would start AC therapy if they developed a condition (atrial fibrillation or DVT) that put them at risk of an embolic event, or survived an embolic event (PE or stroke). Similarly, survivors of major bleeding events were no longer treated with AC therapy for the rest of their lives, and there would be no additional risk of bleeding in patients not on systemic AC therapy.

Utilities {#sec3-2045894019895451}
---------

We used quality-adjustment factors (QAFs) for less than optimal states of health in order to account for quality of life as well as duration of survival. These were anchored at one for life in a disease-free state of health, and zero for death. QAF's for survivors of ischemic stroke and major bleeds from AC were obtained from previously published decision analysis studies^[@bibr51-2045894019895451][@bibr52-2045894019895451][@bibr53-2045894019895451][@bibr54-2045894019895451][@bibr55-2045894019895451]--[@bibr56-2045894019895451]^ ([Table 1](#table1-2045894019895451){ref-type="table"}). Patients with PE and stroke were modeled as having a significantly lower quality of life during the first month after the event, as compared to the quality of life for their remaining lifetime. Quality of life with PAH varied significantly based on functional status, and thus we calculated the QAF for PAH as a weighted average based on the estimated proportion of patients in each of the four functional classes at the time of diagnosis, using data from the REVEAL.^[@bibr19-2045894019895451],[@bibr25-2045894019895451]^ Quality of life estimates for health states were subjected to extensive sensitivity analyses. We used a multiplicative model for calculating QAFs when patients were in health states that incorporated more than one quality of life impacting condition (e.g. PAH and DVT).

Decision analytic model {#sec4-2045894019895451}
-----------------------

We developed a 31-state Markov state transition decision analytic model to explore outcomes of the two strategies: (1) Anticoagulate with VKA therapy; (2) Do Not Anticoagulate with VKA therapy. We used a standard computer program (Decision Maker, Boston, MA) to build the model, analyze results, and perform sensitivity analyses. Patients were able to enter the Markov simulation from 1 of 12 different disease states based on their gender, mode of PAH therapy (catheter-based or not), type of PAH (IPAH or CTD-PAH), for CTD-PAH patients either a low or high estimate of PAH mortality, and, for females, the use of oral contraceptive medication (OCP) or not. These 12 "base cases" ranged from low risk (no catheter-based therapy or OCP use) to high risk (catheter-based therapy and, for females, concurrent OCP use) clinical scenarios where AC might be considered. This model did not require institutional review board approval. Our primary outcome was the QALY's for each of the two treatment strategies noted above (AC or no AC).

Base case values, model parameters, and a cartoon representation of the decision tree figure are summarized in [Table 1](#table1-2045894019895451){ref-type="table"} and [Fig. 1](#fig1-2045894019895451){ref-type="fig"}. In all base cases, patients were 50 years old at the start of the model. During each one-month cycle in the Markov simulation, patients could develop atrial fibrillation, or suffer a stroke, DVT, or bleed, based on the annual rates of these events, and modified as appropriate by treatment with AC. AC benefited patients by preventing DVT's and conversion of DVT to PE, preventing stroke in patients with atrial fibrillation, and augmenting the mortality rate of PAH. During each monthly cycle, patients face a risk of dying from PAH or other non-explicitly modeled causes, developing DVT and PE (and possibly dying), or developing atrial fibrillation and stroke (and possibly dying). Patients receiving AC therapy faced an additional monthly risk of suffering a (potentially fatal) bleed while on AC. The simulation was run for the entire life expectancy of the hypothetical cohort of similar patients. Fig. 1.Decision analytic model schematic.IPAH: idiopathic pulmonary arterial hypertension; CTD-PAH: connective tissue disease-associated pulmonary arterial hypertension; AC: anticoagulation; DVT: deep vein thrombosis; PE: pulmonary embolism; Afib: atrial fibrillation; OCP: oral contraceptive pills; Cath: central catheter-based prostacyclin therapy.

Assumptions {#sec5-2045894019895451}
-----------

We made a number of simplifying assumptions when constructing our decision analytic model. A major assumption was that the impact of AC, noted in the REVEAL and COMPERA registries, on mortality in IPAH and CTD-PAH patients only accounted for the effects of systemic AC on PAH-specific mortality, and did not include the effects of AC on the mortality from PE complicating DVT, stroke complicating atrial fibrillation, and major bleeding. As noted explicitly by Olsson et al. in the COMPERA study, and implied by Preston et al. in REVEAL, these registries were not designed to capture major bleeding events or the effects of AC on thromboembolic complications, and data regarding the specific effect of AC on bleeding and thromboembolic mortality events are lacking.^[@bibr3-2045894019895451],[@bibr4-2045894019895451]^ Given the importance of these potential complications in the treatment guidelines concerning AC in PAH patients, we chose to explicitly model these events in our decision analytic model.

We assumed fatal outcomes of PE and stroke occurred immediately. Survivors of these events experienced a short-term decrement in quality of life for one month, followed by a somewhat less severe decrement long-term. We considered all PE in PAH patients to be intermediate risk or higher, given pre-existing right ventricular impairment is a consequence of PAH. However, once PE occurred, they had a similar mortality risk as other patients with intermediate or high-risk PE. We assumed the incidence of atrial fibrillation, and the incidence and mortality of atrial fibrillation-associated stroke, to be the same as that of the general population. We considered baseline risk of stroke in patients without atrial fibrillation to be negligible in our population, and that atrial fibrillation remained a persistent risk once it developed. We did not model increased risk of recurrent stroke following an initial stroke, or an increased risk of recurrent DVT following initial DVT.

We assumed the risk of DVT/PE, atrial fibrillation/stroke, death from bleeding on AC, and death from PAH to all be independent and constant over time. We assumed that oral contraceptive therapy did not increase the risk of atrial fibrillation-related stroke. As the prevalence of patent foramen ovale is no higher in PAH patients than in the general population (∼25%), we assumed patients with a central catheter did not have an increased risk of stroke from paradoxical embolism.^[@bibr57-2045894019895451][@bibr58-2045894019895451]--[@bibr59-2045894019895451]^ We only modeled AC with a VKA, as no studies to date explored the use of any of the direct oral anticoagulant medications. For those receiving catheter therapy, we considered the risk of DVT from the central catheter to be additive to the incidence of DVT in the more general PAH population.

We only considered life-threatening moderate/severe bleeding in this model. Given the limited life expectancy of PAH patients, non-fatal bleeding events were modeled as resulting in a permanent decrement to quality of life (to account for the increased risk of mortality and diminished functional capacity that persists in the six months following hospitalization in PAH patients). Finally, all survivors of DVT or PE, and those who developed atrial fibrillation, crossed over to the AC strategy, with the associated risks and benefits of anticoagulant therapy for these validated indications, and survivors of a major bleed crossed over to the Do Not Anticoagulate strategy and were exposed to the risks and benefits of being without AC in regards to risks of venous thromboembolism, atrial fibrillation, and stroke.

To explore the impact of parameter value uncertainty, we performed deterministic (one-way, two-way, and three-way) sensitivity analyses as well as probabilistic (second-order Monte Carlo) sensitivity analyses. For deterministic sensitivity analyses, parameters (rates, probabilities, and utilities) were varied across wide ranges that at least encompassed either 95% confidence intervals or clinically plausible ranges. For our probabilistic sensitivity analyses, we performed 10,000 iterations of a second-order Monte Carlo simulation using parameter distributions rather than point values (see [Table 1](#table1-2045894019895451){ref-type="table"}).^[@bibr60-2045894019895451]^

Results {#sec6-2045894019895451}
=======

We performed a separate analysis for each base case, including high and low mortality estimates for CTD-PAH patients. For all base cases with IPAH, AC with VKA therapy was the favored strategy, with gains ranging between 0.43 and 0.51 QALY's as compared to no AC ([Table 2](#table2-2045894019895451){ref-type="table"}). Table 2.Base case analyses.Disease state entering Markov modelAnticoagulate (QALYs)Do Not Anticoagulate (QALYs)IPAH male Cath**3.53**3.10IPAH male no Cath**4.27**3.78IPAH female no OCP no Cath**6.40**5.89IPAH female OCP Cath**5.23**4.73CTD-PAH male Cath (high mortality)0.78**1.44**CTD-PAH male no Cath (high mortality)0.93**1.74**CTD-PAH female no OCP No Cath (high mortality)1.50**2.71**CTD-PAH female OCP Cath (high mortality)1.25**2.20**CTD-PAH male Cath (low mortality)1.44**2.50**CTD-PAH male no Cath (low mortality)1.73**3.07**CTD-PAH female no OCP no Cath (low mortality)2.79**4.68**CTD-PAH female OCP Cath (low mortality)2.31**3.71**[^2]

[Fig. 2](#fig2-2045894019895451){ref-type="fig"} explores the impact of quality of life while receiving AC therapy, for scenarios of women with IPAH receiving OCPs and catheter-delivered PAH therapy, and women not receiving OCP's or catheter-based therapy. In both scenarios, as well as in men with IPAH, AC therapy was preferred unless the quality of life while receiving AC dropped below a threshold of 0.9 (online [Fig. 1](#fig1-2045894019895451){ref-type="fig"}). Fig. 2.Sensitivity analysis on IPAH females quality of life with AC.AC: anticoagulation; QALY: quality-adjusted life years; IPAH: idiopathic pulmonary arterial hypertension; OCP: oral contraceptive pills.

When examining the impact of changes in the rate of major bleeding among patients with IPAH receiving AC therapy, among women, with or without OCP's and catheter-delivered therapy, AC was preferred unless the rate of bleeding exceeded 0.1/year (base case 0.025) (online [Fig. 2](#fig2-2045894019895451){ref-type="fig"}). Among IPAH males, AC was preferred unless the rate of major bleeding while receiving AC exceeded 0.15/year (online [Fig. 3](#fig3-2045894019895451){ref-type="fig"}). Among IPAH females receiving catheter-delivered therapy, the quality of life after a bleeding event would have to drop to below 0.2 before AC would no longer be favored, and below 0.25 for IPAH females not receiving catheter-delivered therapy ([Fig. 3](#fig3-2045894019895451){ref-type="fig"}). Assessing the benefit of AC on overall mortality from IPAH (base case HR 0.8), AC would need to demonstrate a HR of 0.95 or better on PAH disease mortality to be the favored strategy, regardless of gender ([Figs. 4](#fig4-2045894019895451){ref-type="fig"} and [5](#fig5-2045894019895451){ref-type="fig"}). Fig. 3.Sensitivity analysis on IPAH females quality of life after bleeding.AC: anticoagulation; QALY: quality-adjusted life years; IPAH: idiopathic pulmonary arterial hypertension; OCP: oral contraceptive pills. Fig. 4.Sensitivity analysis on IPAH males hazard ratio of AC on PAH mortality.AC: anticoagulation; QALY: quality-adjusted life years; IPAH: idiopathic pulmonary arterial hypertension; HR: hazard ratio. Fig. 5.Sensitivity analysis on IPAH females hazard ratio of AC on PAH mortality.AC: anticoagulation; QALY: quality-adjusted life years; IPAH: idiopathic pulmonary arterial hypertension; OCP: oral contraceptive pills; HR: hazard ratio.

The opposite effect of AC was observed for all CTD-PAH patients, with AC resulting in a loss of between 0.66 and 1.89 QALY's compared to a no-AC strategy, and needing to demonstrate a HR of at least 0.95 or better for all types of CTD-PAH to be the favored strategy (Base case 2.03) ([Table 2](#table2-2045894019895451){ref-type="table"}, online [Figs. 4](#fig4-2045894019895451){ref-type="fig"}--[6](#fig6-2045894019895451){ref-type="fig"}). This result was only sensitive to the rate of DVT in CTD-PAH female patients with a low PAH mortality rate, having to exceed 0.6/year (60% annually) among women receiving catheter-based therapy and OCPs, and 0.7/year (70% annually) in women without catheters or OCP's, in order to make AC the favored strategy (online Fig. 7). Fig 6.Probabilistic sensitivity analyses results.IPAH: idiopathic pulmonary arterial hypertension; CTD-PAH: connective-tissue-disease associated pulmonary arterial hypertension; OCP: oral contraceptive pills.

Results were robust to changes in quality of life for atrial fibrillation, DVT, PE, stroke, major bleed, or PAH with or without catheter-delivered therapy. This result also did not depend on the rate of DVT, the effectiveness of AC in preventing DVT, the rate of PE from DVT, the mortality rate of PE, the rate of stroke from atrial fibrillation, the rate of death from stroke, or the rate of death from bleeding events.

In probabilistic sensitivity analyses of CTD-PAH women and men, not anticoagulating was favored in 95.5--99.0% of 10,000 second-order Monte Carlo iterations ([Fig. 6](#fig6-2045894019895451){ref-type="fig"}). In IPAH, AC was favored in 75.7--79.5% of simulations for men, and in 97.0--98.3% of simulations for women.

Discussion {#sec7-2045894019895451}
==========

We found that AC resulted in a gain of up to 0.51 QALY's in IPAH patients, and a loss of up to 1.89 QALY's in CTD-PAH patients. Additionally, we observed that AC would need to demonstrate a HR of 0.95 or better on PAH disease mortality to be beneficial. These results were highly robust to variations in model parameters in IPAH females and CTD-PAH patients, and only exhibited minor uncertainty in IPAH males.

Current guidelines suggest that AC should be considered on a case-by-case basis, particularly in IPAH patients receiving therapy through a centrally placed catheter, and should be avoided in CTD-PAH patients.^[@bibr1-2045894019895451],[@bibr7-2045894019895451]^ As a result, considerable uncertainty exists on the benefits of offering systemic AC to all IPAH patients without a secondary indication for AC, and recent registry data indicate that only the minority of IPAH patients are placed on systemic AC.^[@bibr10-2045894019895451][@bibr11-2045894019895451][@bibr12-2045894019895451][@bibr13-2045894019895451]--[@bibr14-2045894019895451]^ Additionally, the benefits of systemic AC on PAH quality of life are not well defined, and recommendations for PAH therapy do not currently account for patient values and preferences as part of a shared decision-making model.^[@bibr15-2045894019895451][@bibr16-2045894019895451]--[@bibr17-2045894019895451]^

Our model indicated that IPAH patients stand to benefit substantially from systemic AC, experiencing an increase of up to 0.51 QALY's, regardless of gender or the presence of a centrally-placed catheter, and with a high degree of certainty based on the results of our probabilistic sensitivity analyses. These findings suggest that AC should be part of the medical management of pulmonary vascular disease in all IPAH patients, enhances quality-adjusted survival, and has a favorable effect on their disease that exceeds any decreased quality of life or survival from bleeding complications and the difficulties of managing daily VKA therapy. Additionally, when taken in the context of the recent guidelines for diagnosis and management of PAH patients, and PAH registry data, these results indicate that a stronger recommendation for systemic AC in IPAH patients (without a secondary indication for AC) should be considered, and there exists a sizeable proportion of IPAH patients that are not receiving potentially beneficial therapy.

Our results confirm that AC with VKA therapy may harm CTD-PAH patients, worsening their quality of life and survival through exacerbation of their PAH disease, an increase in bleeding complications, and the increased burden of taking systemic AC therapy. This corresponds with the most recent guidelines for diagnosis and treatment of PAH, which indicate that AC is harmful in CTD-PAH patients and should not be offered unless additional compelling medical indications exist for systemic AC therapy.

Although there was greater uncertainty about the net clinical benefit of AC as beneficial in men with IPAH, it was still favored in over 75% of all Monte Carlo simulations. This difference in results between men and women in our probabilistic analyses is likely due to wider confidence intervals in PAH mortality rates for male IPAH patients. Despite this increased uncertainty, the majority of simulations still favored AC in men with IPAH, and they also experienced a greater relative gain in QALY's with AC than their female counterparts (13% increased QALY's versus 9% in female IPAH patients), suggesting that men with IPAH may stand to benefit the most from systemic AC, and the benefits of AC in IPAH QALY's are not gender-specific.

The major factor driving the benefit of AC in PAH patients without a defined secondary indication for AC was the effect of AC on the mortality rate of PAH itself. Our model estimated that a HR of ∼0.95 or greater would be sufficient to make AC the favored strategy in both CTD-PAH and IPAH patients, regardless of other patient factors such as gender or catheter-based prostacyclin therapy. From the literature on AC in PAH mortality, this effect size is highly plausible for IPAH patients, and was observed in the COMPERA (0.79, 95% CI: 0.66--0.94) registry, and falls securely within the 95% confidence interval of effect sizes seen in the REVEAL registry (1.42, 95% CI: 0.86--2.32). In stark contrast to this, our review of the literature indicates that such an effect would be exceedingly unlikely to be seen in CTD-PAH patients, with the REVEAL (1.42, 95% CI: 1.09--3.79) and COMPERA (1.82, 95% CI: 0.94--3.54) registries suggesting that CTD-PAH patients are likely to experience a worsening of their PAH disease while on AC. Not only does this support our conclusion that VKA therapy is likely to result in an improvement in QALY's in IPAH patients, and is detrimental to CTD-PAH patients, it also provides a minimum effect size of AC on PAH mortality to incorporate into the design and analysis of any future studies on the role of AC (such as with newer oral agents) in PAH patients.^[@bibr9-2045894019895451],[@bibr15-2045894019895451][@bibr16-2045894019895451]--[@bibr17-2045894019895451],[@bibr61-2045894019895451]^

Our model considered a number of complications related to systemic AC, including bleeding and thromboembolic events, as well as complications particularly relevant to PAH patients, such as the quality of life with catheter-based PAH therapy and the substantial mortality and morbidity of PE in PAH patients who have existing right heart dysfunction. Although we did not observe any clinically plausible thresholds in our deterministic sensitivity analyses, the incorporation of these parameters, their specific relevance to pulmonary vascular disease patients, and the use of a multidimensional outcome measure (QALYs) as the primary outcome of our model are particular strengths of our model. Given the importance of PAH patient perspectives and shared decision making, our model is also well situated to provide a foundation to develop a shared decision-making tool for AC strategies in PAH patients at the bedside.^[@bibr15-2045894019895451][@bibr16-2045894019895451]--[@bibr17-2045894019895451]^

Our analysis also has a number of limitations. We only modeled the effects of VKA therapy, and the results of our model should not be extrapolated to assessing the risks or benefits of therapy with other systemic anticoagulants (such as direct oral anticoagulants or parenteral therapy). However, it is understood that direct oral anticoagulant therapy is likely to offer comparable or improved protection from thromboembolic events, as well as a more favorable safety profile regarding morbidity and mortality from major bleeding, as compared to VKA therapy, and may be more effective as systemic AC therapy in PAH patients.^[@bibr62-2045894019895451][@bibr63-2045894019895451][@bibr64-2045894019895451]--[@bibr65-2045894019895451]^ If we assume that direct oral anticoagulant therapy is comparable to VKA therapy in affecting the mortality of PAH disease, less burdensome to use than VKA therapy, and incorporating the estimations for the effectiveness of direct oral anticoagulant therapy as compared to VKA therapy in preventing thrombotic complications and resulting in major bleeding, we are able to estimate the potential effect of direct oral AC therapy on IPAH and CTD-PAH QALY's. As expected, direct oral AC therapy remains favored in IPAH patients, offering a greater improvement in QALY's (0.5--0.63), and shows the same detrimental effects in CTD-PAH patients, with a loss of between 0.66 and 1.88 QALY's (online Table 1). If the same effects on PAH mortality are seen with direct oral AC, this therapy would be expected to offer improved quality of life in IPAH patients as compared to VKA therapy, and would be the favored strategy for oral AC in these patients.

We did not model the possibility that patients could suffer both DVT and develop atrial fibrillation in the same month. While this is highly unlikely, it could happen in a small proportion of patients. Given the limited life expectancy of PAH patients, we did not consider the possibility that patients could suffer a second stroke or PE, although this limitation likely under-estimated the benefit of systemic AC. We estimated the disease-specific PAH mortality rates from registry data, calibrating our model to the reported total all-cause mortality in IPAH and CTD-PAH patients; however, it is possible our estimates are not reflective of the true mortality rates. Additionally, our model does not account for the increasing rates of atrial fibrillation, stroke, and venous thromboembolism with advancing age, and although the majority of patients in our model did not survive beyond 10 years, we did not explicitly model the changing risks and benefits of systemic AC across the lifespan, and our models conclusions may not be applicable to particularly long-lived patients.

Our model assumes that death following PE or stroke occurs within the first month, and that survivors will recover to a new baseline quality of life after one month. This may not be the case in some patients who experience stroke and PE. We modeled the increased risk of OCP medication on thromboembolic disease as independent and additive to that from catheter-based therapy, but this is likely an oversimplification. Survivors of a major bleeding event were modeled as having a permanent decrease in quality of life. Although this may not be true for all patients, our sensitivity analyses indicated that major bleeding would need to decrease quality of life to an unrealistic 0.25 or less in order to affect the AC decision, and is unlikely to affect the overall conclusions of our model. Although it is well known that race affects PAH mortality, our model is constructed from data on Caucasian patients, which limits its generalizability to other racial groups.^[@bibr66-2045894019895451]^

We assumed PAH patients had the lowest CHA~2~DS~2~VASc scores when modeling stroke risk, which may not hold true for all PAH patients, particularly those who are older, and have more cardiovascular risk factors like diabetes and valvular heart disease. It is well established that PAH patients with multiple medical comorbidities such as hypertension, diabetes, and chronic obstructive pulmonary disease have a higher risk of thromboembolic disease, a higher rate of stroke from atrial fibrillation, and a higher risk of death as compared to PAH patients without these conditions.^[@bibr67-2045894019895451][@bibr68-2045894019895451][@bibr69-2045894019895451]--[@bibr70-2045894019895451]^ Additionally, due to their comorbid conditions, many of these patients are also on antiplatelet therapy, which increases the risk of major bleeding when taken concomitantly with AC therapy.^[@bibr71-2045894019895451]--[@bibr72-2045894019895451]^ Extending our model to PAH patients with multiple medical comorbidities, we find that the benefits of systemic AC with VKA therapy in IPAH patients are attenuated (only resulting in a gain of 0.28--0.36 QALY's), and the risks in CTD-PAH patients are diminished (resulting in a loss of only 0.66--1.17 QALY's) (online Table 2). These changes to the risk-benefit profile of systemic AC in IPAH and CTD-PAH patient, when accounting for multiple medical comorbidities, reflects the complex interplay between benefits (protection from thrombotic events) and risks (increased bleeding risks) that our decision analytic model is designed to study, and further highlights the need for a shared decision-making tool for AC therapy that can be tailored to individual risks, benefits, and patient preferences.

Finally, although we performed one-way and probabilistic sensitivity analyses to assess the effects of uncertainty on our model conclusions, and our model results demonstrated a high degree of certainty, it is possible that in the future newer, more precise epidemiologic data may emerge that is significantly different from the data used to construct our model, which may significantly alter our model's conclusions.

Conclusion {#sec8-2045894019895451}
==========

Systemic AC appears effective at improving outcomes and quality of life and should be offered as disease-modifying therapy to all IPAH patients, worsens quality-adjusted survival and should be avoided in all CTD-PAH patients, and must demonstrate a HR of 0.95 or better on PAH disease mortality to result in a net gain in QALY's. Results of this analysis support a stronger recommendation for AC with VKA therapy in all IPAH patients without a secondary indication for AC, clarifies effect sizes that future studies would have to achieve in order to definitively demonstrate AC benefit in PAH patients, suggest that a sizeable proportion of patients currently living with IPAH patients may realize improved quality of life if treated with systemic AC, and provide the basis of future shared decision-making tools for clinical use in determining PAH therapeutic strategies at the bedside.
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[^1]: IPAH: idiopathic pulmonary arterial hypertension; CTD-PAH: connective-tissue-disease associated pulmonary arterial hypertension; AC: anticoagulation with vitamin-K antagonist therapy (Warfarin); Cath: presence of central catheter; OCP: use of oral contraceptive medications; DVT: deep vein thrombosis; PE: pulmonary embolism; CI: confidence interval: N/A: not applicable; Low: low estimate; High: high estimate.

[^2]: IPAH: idiopathic pulmonary arterial hypertension; CTD-PAH: connective-tissue disease-associated pulmonary arterial hypertension; AC: anticoagulation with vitamin-K antagonist therapy (Warfarin); QALY: quality-adjusted life years; Cath: presence of central catheter; OCP: oral contraceptive pills; high and low mortality: annual survival estimates in CTD-PAH patients of 55% and 85%, respectively. Values in bold indicate the favored strategy based on higher utility.
